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Abstract 

Background:  Identifying populations with poor muscle recovery after total hip arthroplasty (THA) is important for 
postoperative physical therapy. Preoperative muscle strength is a strong factor that determines postoperative muscle 
strength. However, this effect may depend on other factors. Thus, predictive models with interaction terms are impor-
tant for accurately predicting postoperative muscle strength. This study aimed to develop a predictive model for 
lower muscle strength 12 months after THA which incorporates interaction terms.

Methods:  Subjects were female patients with hip osteoarthritis who underwent unilateral THA. Patients with loco-
motor disorders, neurological disorders, or postoperative complications were excluded. Hip abductor and knee exten-
sor strength were measured, and a generalized linear model approach with preoperative muscle strength, age, body 
weight, height, disease duration, physical activity, and leg extension as explanatory variables was used to identify 
factors that determine muscle strength 12 months after THA. Models with interaction terms between preoperative 
muscle strength and other explanatory variables were also examined.

Results:  A total of 82 patients were analyzed. Preoperative muscle strength, age, body weight, physical activity, and 
disease duration were extracted as factors that significantly and independently determine hip abductor and knee 
extensor strength. The interaction term between preoperative muscle strength and age was identified as a factor that 
significantly determines knee extensor strength. Regression coefficients for preoperative knee extensor strength and 
postoperative muscle strength were significant when age was +1 SD, but not when age was -1 SD.

Conclusions:  The predictive model demonstrated that lower muscle strength 12 months after THA is determined 
by preoperative muscle strength, age, weight, physical activity, disease duration, and preoperative muscle strength, 
with the effect of preoperative muscle strength on knee extensor strength being dependent on age. When predict-
ing postoperative knee extensor strength using preoperative muscle strength, it is important to consider the effect of 
age.
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Background
Total hip arthroplasty (THA) is an effective treatment 
for reducing hip pain and restoring hip joint mobility [1]. 
Many patients achieve pain reduction and improvements 
in activities of daily living and health-related quality of 
life after THA [2–4]. On the other hand, postoperative 
walking ability and muscle strength around the hip joint 
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on the operated side may not reach the level of healthy 
subjects even 12 months after surgery [5–7]. Similarly, 
knee extensor strength on the operated side may not 
recover to the level of healthy subjects 6-12 months after 
surgery [6, 8]. Therefore, in terms of muscle strength at 
12 months post-THA, recovery of not only hip abduc-
tor strength but also knee extensor strength remains an 
issue. Lower limb muscle strength affects gait function 
[9, 10], and is an important factor associated with the 
performance of activities of daily living [11]. Insufficient 
recovery of hip abductor and knee extensor strength fol-
lowing THA can lead to serious problems, such as falls 
[12, 13]. Thus, it is crucial to identify patients with poor 
muscle strength recovery and target these patients for 
intensive training prior to or early after surgery. The abil-
ity to accurately predict postoperative muscle recovery 
could contribute to these efforts.

Postoperative physical function and muscle strength 
are determined by a number of factors including age, sex, 
body mass index, disease duration, and surgical method 
[14–18]. In particular, preoperative physical function and 
muscle strength have been reported to be the most influ-
ential factors [15, 16]. In addition, postoperative physical 
activity, leg length, and disease duration are also closely 
related to muscle strength and may serve as factors which 
independently determine postoperative muscle strength. 
The effect of preoperative muscle strength on postopera-
tive muscle strength may also depend on these factors. 
In terms of age, low preoperative muscle strength may 
have a strong effect on elderly people and a weak effect 
on younger populations. On this basis, we hypothesized 
that, while elderly people would not show sufficient 
recovery of muscle strength 12 months after surgery, 
young populations may achieve good recovery regardless 
of preoperative muscle strength. Similar tendencies may 
also exist for other factors, highlighting the importance 
of considering interaction terms between preoperative 
muscle strength and each factor to create a highly accu-
rate predictive model.

The present study aimed to develop a predictive model 
for lower muscle strength 12 months after THA with an 
interaction term.

Materials and methods
Subjects
Subjects were female patients with hip osteoarthri-
tis who underwent THA at two hospitals (Ebina Gen-
eral Hospital and Zama General Hospital) between 
December 2015 and September 2017. Inclusion criteria 
were patients who (1) underwent primary unilateral 
cementless THA via a minimally invasive anterolat-
eral approach; (2) were female; and (3) agreed with the 
purpose of the study. Subjects were limited to female 

patients in order to minimize the effects of gender dif-
ferences in lifestyle, as roughly 90% of our patients are 
female. Exclusion criteria were (1) a history of lower 
limb or spine surgery; (2) previously diagnosed pain-
ful orthopedic disease other than hip joint disease; (3) 
previously diagnosed end-stage hip osteoarthritis of 
the non-surgical side; (4) previously diagnosed mental 
disease or neuromuscular disease; and (5) postopera-
tive complications such as fracture, dislocation, infec-
tion, or nerve paralysis. For comparison, 50 healthy 
community-dwelling women (age range, 45-78 years) 
who did not have lower limb joint pain were selected as 
controls.

Four highly-experienced surgeons performed all 
THAs without a navigation system. All THAs were per-
formed in the half lateral position (i.e., pelvis tilted 60 
degrees relative to the floor) through a minimally inva-
sive anterolateral approach independent of the implant 
type [19, 20]. After an incision was made to the fascia 
lata at 0.5 mm posteriorly to the posterior border of the 
tensor fasciae latae muscle, the joint was approached 
between the gluteus medius muscle and the tensor fas-
ciae latae muscle without damaging the muscles. The 
anterior iliofemoral ligaments, the anterior part of the 
capsule, and the conjoined tendon were preserved. We 
created a hip center similar to the anatomical hip center 
by acetabular reaming up to the lamina interna [21], 
as not doing so would result in the hip center being 
located superior-laterally to the anatomical hip center 
in the dysplastic acetabulum. By creating a hip center 
in its accurate anatomical position, the muscles can 
function normally [21, 22]. All implants were cement-
less. For stems, the SL-Plus stem (Smith & Nephew), 
Short Modular Femoral Hip System (Smith & Nephew), 
and Global Tissue Sparing stem (Zimmer Biomet) were 
used in 74.4%, 12.2%, and 7.8% of cases, respectively. 
For acetabular components, the R3 Acetabular System 
(Smith & Nephew), Continuum Acetabular System 
(Zimmer Biomet), and G7 Acetabular System (Zimmer 
Biomet) were used in 57.8%, 30.0%, and 7.8% of cases, 
respectively. Ceramic-on-ceramic bearings (Biolox 
Delta, Ceramtec AG) were used in 90% of patients, and 
ceramic-on-highly cross-linked polyethylene bearings 
(Biolox Delta, Ceramtec AG or Oxiniuum, Smith & 
Nephew) were used for the remaining 10%. These com-
ponents were selected based on patient age and X-ray 
images of the hip joint.

This study complied with the ethical standards of 
the Declaration of Helsinki (1964) and its subsequent 
amendments and was approved by the Ethics Review 
Committees of Ebina General Hospital and Zama Gen-
eral Hospital (No. 207). Each patient provided written 
informed consent to participate in this study.
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Role of funding source
This study was supported by research funds from our 
institution.

Procedures
This study was a 12-month prospective observational 
study. Postoperative rehabilitation was performed 
according to the clinical pathway of our institution. On 
the day after surgery, all patients were allowed to bear full 
weight and underwent inpatient rehabilitation. Rehabili-
tation consisted of gait exercises, passive range of motion 
exercises, and muscle strengthening exercises. For gait 
exercises, patients used parallel bars in the beginning, 
and crutches or a walker from one week after surgery. By 
the time of discharge, all patients used a T cane during 
walking exercises. The length of hospital stay according 
to the clinical pathway was three weeks. In addition to 
inpatient rehabilitation, most patients underwent outpa-
tient rehabilitation roughly once a week after discharge 
and performed activities such as getting up from the floor 
or ascending and descending stairs according to ability.

Measurements
We collected subject background information and surgi-
cal information, including age, height, body weight, body 
mass index, disease duration (years), length of hospi-
tal stay (days), operative time (minutes), intraoperative 
blood loss (ml), leg extension (mm), and femoral offset 
from medical charts. Disease duration was defined as 
the period from pain onset to surgery, as indicated by 
patients on a questionnaire [15, 22]. Leg extension and 
femoral offset were measured by a single researcher using 
a previously described method [15, 23]. We measured the 
Japanese Orthopaedic Association hip score, strength of 
lower extremity muscles (hip abductor and knee exten-
sor) on the operated side, and Timed Up and Go (TUG) 
test values. All measurements were performed by two 
physical therapists who had thoroughly practiced meas-
urement procedures. The number of steps was used as an 
index of postoperative physical activity.

Lower extremity maximal isometric strength was 
measured using a hand-held dynamometer (μTas F-1; 
Anima Corp., Tokyo, Japan). We referred to the measur-
ing method proposed by Fukumoto et al 6. For the assess-
ment of hip abductor strength, patients were positioned 
on a platform in a supine position at a 0° angle, with a 
sensor pad attached to the distal lateral side of the thigh. 
For the assessment of knee extensor strength, patients 
were positioned on a platform in a sitting position at a 90° 
angle, with a sensor pad attached to the distal front side 
of the lower leg. After practice, isometric muscle strength 
during 5 seconds of isometric contraction was measured 

twice, and the higher value on the hand-held dynamome-
ter was used for analysis. The length of the lever arm (m) 
was measured from the each of joint to the center of the 
sensor pad (hip abductor strength used the distance from 
the greater trochanter to the center of the sensor) [24]. 
Muscle strength was calculated as torque (Nm).

In the TUG test, the time it took to get up from the 
chair, go around the mark 3 m ahead, and return to the 
chair again was measured. The measurement was per-
formed twice at maximum walking speed, and the mini-
mum value was used for analysis. For the measurement 
of physical activity, a digital pedometer with 3-axis accel-
eration sensors (TH-400; YAMASA, Tokyo, Japan) was 
used to count the number of steps (steps/day). The valid-
ity and reliability of another device by the same manu-
facturer (EX-510; YAMAX, Tokyo, Japan), which uses 
the same algorithm, has been verified previously [25]. 
Patients were instructed to wear the device on their body 
for 24 hours a day except when bathing or sleeping (sleep 
time was set at 8 hours), for one to two months after sur-
gery. Non-wearing time (in hours), if any, was recorded 
by patient report. If non-wearing time was 4 hours or 
more, the day was treated as a missing value [26]. The 
average value for one month was calculated, excluding 
missing values.

Statistical analysis
All values are presented as mean (standard deviation) or 
median (1st quartile to 3rd quartile). The paired t-test 
or Wilcoxon signed-rank sum test was used to compare 
Japanese Orthopaedic Association score, TUG value, 
hip abductor strength, and knee extensor strength 12 
months after THA with those measured before and 6 
months after THA. The t-test or Mann-Whitney U test 
was used to compare background factors and TUG val-
ues between THA patients and healthy subjects. A gen-
eral linear model adjusted for body weight was used to 
compare muscle strength 12 months after THA with that 
of healthy subjects.

A generalized linear model approach was used to 
identify factors that determine hip abductor and knee 
extensor strength 12 months after THA. The general-
ized linear model is an extension of the linear model, 
and the probability distribution of any exponential fam-
ily can be selected for the error structure. In this study, 
we selected normal distribution and gamma distribution. 
First, we created a model in which the objective variables 
were hip abductor and knee extensor strength 12 months 
after THA, with preoperative muscle strength as the only 
explanatory variable (Step 1: univariate analysis). Second, 
we created a model using the forced entry method, with 
preoperative muscle strength, age, body weight, height, 
disease duration, physical activity, and leg extension 
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as explanatory variables (Step 2: multivariate analysis). 
Correlation matrices were calculated for these explana-
tory variables. Third, a model was created by centering 
the explanatory variables and adding interaction terms 
between preoperative muscle strength and age, disease 
duration, physical activity, and leg extension (Step 3: mul-
tivariate analysis with interaction terms). If the interac-
tion term was significant, and residual deviations in Steps 
2 and 3 significantly decreased, a simple slope analysis 
was performed using the method described by Cohen & 
Cohen [27]. The mean value ± 1SD was adopted as the 
condition for simple slope analysis. The model with the 
lowest Akaike’s Information Criterion (AIC), a selection 
criterion, was used as the final model. The sample size 
was calculated using the calculation method for the lin-
ear model (α = 0.05, detection power = 0.95, effect size 
= 0.3, 8 input explanatory factors), yielding a required 
sample size of 84. Since a previous longitudinal study, 
which assessed patients for up to 12 months after THA, 
reported a dropout rate of roughly 20-30% [5, 8], we 
estimated a dropout rate of about 25% and selected 115 
subjects for baseline measurements. R version 3.6.2 (R 
Foundation for Statistical Computing, Vienna, Austria) 
was used for all statistical analyses.

Results
Of the 527 patients who underwent unilateral THA at 
our hospital, 115 female patients completed baseline 
measurements. Of these, 82 were included in the analysis 
(Fig. 1) and 33 dropped out (16 did not provide consent 

to continue, 6 had other orthopedic disorders, 1 had 
intraoperative fracture, 1 had nerve palsy, and 9 for other 
reasons). Only one patient had missing data (TUG value 
at 12 months postoperatively). Table 1 shows background 
factors for THA patients and healthy subjects, and sur-
gical information and physical activity for THA patients. 
There were no significant differences in background fac-
tors between THA patients and healthy subjects.

Table  2 shows Japanese Orthopaedic Association hip 
scores, muscle strength (hip abductor and knee exten-
sor), and TUG values before and 6 and 12 months after 
THA for THA patients, and muscle strength and TUG 
values for healthy subjects. Japanese Orthopaedic Asso-
ciation hip score, muscle strength, and TUG value at 12 
months after THA were significantly higher relative to 
before and 6 months after THA (p < 0.001). Hip abductor 
strength and TUG value at 12 months after THA were 
significantly lower compared to those of healthy subjects 
(p < 0.001), but no significant difference was observed for 
knee extensor strength.

Table  3 shows results of the correlation matrix. Post-
operative muscle strength showed a negative correla-
tion with age (p < 0.05) and a positive correlation with 
height and body weight (p < 0.05), but no significant cor-
relation was found between leg length and disease dura-
tion. Preoperative hip abduction muscle strength was 
significantly correlated with preoperative knee exten-
sion muscle strength (p < 0.05), and postoperative hip 
abduction muscle strength was significantly correlated 
with postoperative knee extension muscle strength (p < 

Fig. 1  Flow chart of patient selection
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0.05). Tables 4 and 5 show results of the generalized lin-
ear model analysis. For hip abductor strength, AIC of the 
model was lower when assuming a normal distribution 
compared to when assuming a gamma distribution. AIC 
of the multivariate model (Step 2) without an interaction 
term (607.05) was the lowest, and this was used as the 
final model for hip abductor strength. On the other hand, 
for knee extensor strength, AIC of the model was lower 
when assuming a gamma distribution compared to when 
assuming a normal distribution. AIC of the multivari-
ate model (Step 3) which included the interaction term 
between preoperative muscle strength and age (639.8) 
was the lowest, and this was used as the final model 
for knee extensor strength. Only the interaction term 
between preoperative muscle strength and age was found 

to be a significant factor. Preoperative muscle strength, 
age, body weight, physical activity, leg extension, and 
disease duration were extracted as factors that signifi-
cantly determined hip abductor strength 12 months after 
THA (Step 2), and preoperative muscle strength, age, 
body weight, physical activity, disease duration, and the 
interaction term between preoperative muscle strength 
and age were extracted as factors that significantly deter-
mined knee extensor strength 12 months after THA (p < 
0.05) (Step 3).

The interaction term between preoperative muscle 
strength and age significantly reduced the residual devi-
ance of Step 3 compared to Step 2 (Step 2 = 2.18, Step 
3 = 2.06; p = 0.042). The variance inflation factor was 
10 or less in all models, and multicollinearity was not 

Table 1  Background factors for THA patients and healthy subjects

Abbreviations: CI confidence interval

Values are presented as mean (standard deviation) or median (1st quartile to 3rd quartile)

Patient Control Patient vs Control

p value 95%CI

Background factor

Age 62.9 (7.9) 66.0 (52.3 to 72.3) 0.771 -3.246 to 4.359

Height (cm) 154.1 (5.2) 155.4 (6.5) 0.156 -3.898 to 0.633

Body weight (kg) 54.8 (49.4 to 59.8) 52.7 (47.2 to 59.3) 0.198 -1.200 to 5.000

BMI 22.8 (21.4 to 25.4) 21.9 (20.4 to 24.1) 0.057 -0.025 to 2.280

Disease duration (years) 19.5 (17.0 to 23.0)

Length of stay (days) 5.0 (2.6 to 10.0)

Surgical information

Operative time (min) 71.0 (62.3 to 81.8)

Intraoperative blood loss (ml) 205.0 (150.0 to 300.0)

Leg extension (mm) 8.6 (4.5 to 12.7)

Femoral offset (mm) 39.6 (4.9)

Physical activity

Physical activity (steps/day) 3580.8 (2392.3 to 4971.7)

Table 2  Japanese Orthopaedic Association hip scores, hip abductor strength, knee extensor strength, and TUG values before (Pre) and 
6 months (6M) and 12 months (12M) after THA for THA patients, and muscle strength and TUG value for healthy subjects

Abbreviations: JOA Japanese Orthopaedic Association, TUG​ timed up and go
a : Paired t-test, b: Wilcoxon signed-rank test, c: general linear model adjusted for body weight, d: two-sample t-test. Values are presented as mean (standard deviation) 
or median (1st quartile to 3rd quartile). TUG values were compared with missing values excluded (n = 81)

p value (vs 
12M)

Control p value (vs 
control)

Pre 6M 12M Pre vs 6M vs 6M vs 12M vs

JOA hip score 42.0 (32.0 to 49.0) 75.0 (73.0 to 78.0) 78.0 (76.0 to 80.0) <.001 b <.001 b

Muscle strength (Nm)

Hip abductor 40.7 (10.8) 51.1 (12.0) 55.0 (12.3) <.001 a <.001 a 69.1 (13.7) <.001 c <.001 c

Knee extensor 53.8 (16.1) 62.3 (16.0) 68.5 (16.4) <.001 a <.001 a 71.1 (21.0) <.001 c .133 c

TUG value (sec) 8.4 (1.8) 6.9 (1.1) 6.7 (0.9) <.001 a <.001 a 5.7 (0.6) <.001 d <.001 d
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Table 4  kaike’s Information Criterion at each step of the generalized linear model and p-value for each interaction term

Abbreviations: AIC Akaike’s Information Criterion

Step 1: Univariate analysis, Step 2: Multivariate analysis, Step 3: Multivariate analysis with interaction terms. *: Model with the smallest Akaike’s Information Criterion

Hip abductor Knee extensor

Gamma Normal Gamma Normal

AIC p value AIC p value AIC p value AIC p value

Step1 623.4 622.1 659.3 661.2

Step2 610.3 607.05* 642.3 647.3

Step3

Age 611.7 609.0 0.829 639.8* 0.046* 648.5

Physical activity 612.3 608.4 0.462 644.2 0.755 649.3

Disease duration 610.8 607.8 0.296 643.4 0.376 649.3

Leg extension 608.9 607.11 0.190 643.1 0.299 648.3

Table 5  Results of univariate and multivariate analyses

Abbreviations: CI confidence interval

Step 2 yielded the final model for hip abductor strength. Step 3 yielded the final model for knee extensor strength. R = regression coefficient, B = partial regression 
coefficient. *: <0.05

Hip abductor 
strength

Step 1 Step 2 Step 3

R p value 95%CI B p value 95%CI B p value 95%CI

Preoperative muscle 
strength

6.02×10-1 <.001 3.86×10-1 to 
8.17×10-1

4.58×10-1 <.001* -1.14×10-4 to 
-7.74×10-6

Age -3.10×10-1 .033* -5.90×10-1 to 
-3.04×10-2

Height (cm) 1.08×10-1 .672 -3.90×10-1 to 
6.06×10-1

Body weight (kg) 3.29×10-1 .009* 8.71×10-2 to 
5.71×10-1

Physical activity 
(steps)

1.50×10-3 .005* 4.79×10-4 to 
2.53×10-3

Leg extension (mm) -3.18×10-1 .017* 5.74×10-1 to 
6.32×10-2

Disease duration 
(years)

-2.67×10-2 .004* -3.10×10-1 to 
2.56×10-1

Knee extensor 
strength

Step 1 Step 2 Step 3

R p value 95%CI B p value 95%CI B p value 95%CI

Preoperative muscle 
strength

-1.12×10-4 <.001 -1.14×10-4 to 
-7.74×10-6

-8.50×10-5 <.001* -1.14×10-4 to 
-7.74×10-6

-8.97×10-5 <.001* -1.24×10-4 to 
-5.44×10-6

Age 1.06×10-4 .010* 2.78×10-5 to 
1.83×10-4

1.04×10-4 .009* 2.87×10-5 to 
1.80×10-4

Height (cm) -6.21×10-5 .348 -1.91×10-4 to 
6.67×10-5

-3.17×10-5 .635 -1.61×10-4 to 
9.86×10-5

Body weight (kg) -5.86×10-5 .071 -1.21×10-4 to 
4.49×10-6

-6.51×10-5 .043* -1.26×10-4 to 
-2.78×10-6

Physical activity 
(steps)

-3.31×10-7 .019* -5.97×10-7 to 
-5.77×10-8

-2.80×10-7 .043* -5.44×10-7 to 
-1.12×10-8

Leg extension (mm) 1.43×10-5 .704 -5.78×10-5 to 
8.94×10-5

1.70×10-5 .647 -5.39×10-5 to 
9.06×10-5

Disease duration 
(years)

1.27×10-4 .004* 4.49×10-5 to 
2.11×10-4

1.31×10-4 .002* 5.08×10-5 to 
2.14×10-4

Age*Preoperative muscle 
strength

-5.90×10-6 .046* 4.49×10-5 to 
2.11×10-4
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observed. A simple slope analysis was performed as a 
subtest (Fig.  2), revealing that regression coefficients 
for preoperative knee extensor strength and postopera-
tive knee extensor strength (i.e., 12 months after THA) 
were significant when age was +1 SD (elderly) (p<0.01), 
but not when age was -1 SD (middle-aged). Middle-aged 
patients were estimated to have recovered their muscle 
strength to the same level as the control group (71.7 Nm), 
regardless of preoperative muscle strength. On the other 
hand, postoperative muscle strength of the elderly with 
low preoperative muscle strength was poor, and recovery 
to the normal value was limited to those having the same 
muscle strength as the control group prior to THA.

Discussion
The present prospective observational study is the first 
to develop a predictive model for hip abductor and knee 
extensor strength 12 months after THA with an interac-
tion term. Our finding that the interaction term between 
preoperative muscle strength and age is significant sug-
gests the possibility that the effect of preoperative knee 
extensor muscle strength on knee extensor muscle 
strength 12 months after THA depends on age. While 
middle-aged patients showed good recovery of postop-
erative muscle strength regardless of preoperative muscle 
strength, elderly patients with low preoperative muscle 
strength showed insufficient recovery.

The TUG time 12 months after THA was significantly 
slower (117%) than that of healthy subjects in this study. 
This result is similar to that reported in a systematic 
review [5]. Both hip abductor strength and knee exten-
sor strength 6 months after THA were significantly lower 
compared to those of healthy subjects (74% and 87%, 

respectively). Consistent with these findings, a previ-
ous study with similar background factors reported a 
significant reduction in hip abductor and knee extensor 
strength 6 months after THA (both 75% of healthy sub-
jects) using the same measurement method, suggest-
ing that both muscles remain weak 6 months after THA 
[6]. In the present study, knee extensor strength, but not 
hip abductor strength, recovered to the level of healthy 
subjects 12 months after THA. A previous study, how-
ever, reported that hip abductor strength was compa-
rable to that of healthy subjects, whereas knee extensor 
strength was significantly lower 12 months after THA 
[8]. This discrepancy may be due to differences in muscle 
strength measurement methods as well as patient back-
ground factors, surgical procedures, and postoperative 
protocols. As only a few studies have compared lower 
limb muscle strength between THA patients and healthy 
subjects, much remains unknown regarding the recov-
ery status of lower limb muscle strength 12 months after 
THA. Detailed studies, such as multicenter studies, are 
warranted.

We created statistical models with interaction terms 
between preoperative muscle strength and age, disease 
duration, physical activity, and leg extension to clarify 
factors that determine postoperative muscle strength. 
Preoperative muscle strength is a strong factor that 
determines postoperative muscle strength, but there 
may be interaction effects between preoperative muscle 
strength and other specific factors. For example, skeletal 
muscle mass and muscle strength decrease with age [28, 
29], and recovery of muscle strength up to 12 months 
after THA is expected to be poorer in elderly patients 
than in middle-aged patients. In addition, disuse muscle 
atrophy due to long-term illness [30, 31], muscle dam-
age due to excessive leg extension, and decreased post-
operative physical activity [32] may impede postoperative 
muscle strength recovery. The inclusion of interaction 
terms between preoperative muscle strength and specific 
factors allows for the assessment of whether the partial 
regression coefficient of preoperative muscle strength 
is dependent on other factors. If the interaction with a 
particular factor is significant and increases the partial 
regression coefficient of preoperative muscle strength, 
then the expected value of postoperative muscle strength 
in subjects with low preoperative muscle strength may 
be even lower. Therefore, including interaction terms not 
only improves the accuracy of the predictive model, but 
also helps identify subjects whose postoperative muscle 
strength is likely to decrease.

The link function of the model for knee extensor 
strength is an inverse function. When the regression 
coefficient is negative, postoperative muscle strength 
increases exponentially as preoperative muscle strength 

Fig. 2  Results of simple slope analysis showing the effect of age 
on the relationship between preoperative and postoperative knee 
extensor strength. ●: Elderly (average + 1SD.), ○: Middle-aged 
(average - 1SD.). A significant regression curve was observed for the 
elderly group (solid line) (p<0.01), but not for the middle-aged group 
(dashed line) (p>0.05)
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increases. Our analyses revealed that preoperative mus-
cle strength, age, body weight, physical activity, and 
disease duration were common factors that determine 
postoperative muscle strength (Step 2 for hip abductor 
strength and Step 3 for knee extensor strength). Consist-
ent with this, previous studies have reported that pre-
operative muscle strength, age, body weight, and body 
mass index are factors related to muscle strength [15, 28, 
29], supporting the validity of our models. The interac-
tion between the amount of physical activity and preop-
erative muscle strength after surgery was not significant, 
and was not a factor that influenced the effect of preop-
erative muscle strength. While a number of studies have 
reported on the causal relationship between muscle 
strength and physical activity [33, 34], it remains unclear 
whether maintaining high physical activity 2 months 
after THA improves muscle strength 12 months after 
THA.

A significant interaction between preoperative mus-
cle strength and age was observed for knee extensor 
strength. Muscle strength recovered to almost normal 
levels in elderly patients with high preoperative muscle 
strength, and in middle-aged patients regardless of pre-
operative muscle strength. Knee extensor strength may 
be difficult to improve in the short term [6], but given 
that there is no direct effect of osteoarthritis, or intra-
operative invasion with the anterior-lateral approach 
(i.e., there are few structural issues), some improvement 
is expected in the long term. However, recovery of mus-
cle strength in elderly patients with low preoperative 
muscle strength was poorer compared to middle-aged 
patients, and muscle strength 12 months after THA did 
not reach normal levels. A wide variety of symptoms and 
conditions are associated with aging, including common 
disorders such as systemic muscular atrophy and weak-
ness, as well as sarcopenia (less common). These condi-
tions not only reduce skeletal muscle mass but also lower 
nutritional status and physical activity, making the elderly 
more prone to disuse syndrome [35]. Elderly patients 
with preoperative knee extensor weakness are more 
likely to have generalized muscle weakness, which con-
tributes to increased postoperative muscle weakness and 
low muscle strength after THA. This may explain why 
the effect of preoperative muscle strength on postopera-
tive knee extensor strength depends on age. Our find-
ings suggest the need to consider the interaction between 
preoperative muscle strength and age when predicting 
postoperative muscle strength. To the best of our knowl-
edge, the present study is the first to examine the effects 
of interaction terms in models that predict postoperative 
muscle strength. Our results are unique and important 
in that they show how preoperative muscle strength can 

differently affect postoperative muscle strength depend-
ing on other factors.

Many patients with hip osteoarthritis reportedly have 
abductor shortening and atrophy [32, 36]. Hip abduc-
tor damage is also observed postoperatively, even with 
minimally invasive procedures [37]. The abductor mus-
cles often exhibit structural problems, which may impede 
postoperative muscle strength recovery. Leg extension 
was extracted as a factor that determines postoperative 
hip abductor strength, suggesting that abductor degen-
eration [36] associated with leg shortening and leg exten-
sion may inhibit muscle recovery. On the other hand, 
no significant interaction between preoperative muscle 
strength and leg extension was observed, indicating that 
recovery of muscle strength is poor if preoperative mus-
cle strength is low. Structural problems of the abduc-
tor muscles are important issues that require further 
investigation.

There was a strong relationship between preoperative 
hip abduction muscle strength and preoperative knee 
extension muscle strength, and between postoperative 
hip abduction muscle strength and postoperative knee 
extension muscle strength, in the present study. Previ-
ous studies have reported on decreased knee extension 
muscle strength in patients with hip osteoarthritis and 
decreased hip abduction muscle strength in patients 
with knee osteoarthritis [30, 38], suggesting that muscle 
weakness can occur in regions other than the affected 
joints. Consistent with this, the stability of the hip joint 
is reportedly important for exerting knee extensor mus-
cle strength [39]. The process of recovering the strength 
of muscles in regions other than the affected joints 
might impact the process of overall postoperative mus-
cle strength recovery. Further studies on this issue are 
warranted.

In the present study, elderly patients with low preop-
erative knee extensor strength did not achieve sufficient 
recovery 12 months after THA, suggesting the need for 
active training before surgery. Knee extension training 
includes squatting, an easy, low-risk exercise. The post-
operative course is expected to improve if patients are 
instructed to engage in voluntary training during the 
waiting period before surgery.

Limitations
This study has some limitations. First, the number of 
dropouts was high. In addition, although within the pre-
dicted range, nearly 30% of patients were excluded for 
not completing the long-term survey (i.e., 12 months 
after THA). Thus, the presence of selection bias can-
not be denied. However, when preoperative hip abduc-
tor strength and knee extensor strength were compared 
between dropouts and analyzed patients, no significant 
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difference was observed between the two groups, sug-
gesting that the impact of dropouts may have been 
minimal. Second, since patients with orthopedic com-
plications other than hip osteoarthritis were excluded, it 
is possible that only patients with a better than average 
course of THA were included in our analyses.

Conclusion
We developed a predictive model for hip abductor and 
knee extensor strength 12 months after THA with an 
interaction term. Age, body weight, disease duration, 
and physical activity were identified as factors that deter-
mine strength of both muscles, and leg extension and 
preoperative muscle strength were extracted as an inde-
pendent factor that determines hip abductor strength. 
In the model for knee extensor strength, the effect of 
preoperative muscle strength on postoperative muscle 
strength depended on age. While middle-aged patients 
showed good recovery regardless of preoperative mus-
cle strength, recovery of muscle strength was affected by 
preoperative muscle strength in elderly patients.

Abbreviations
THA: Total hip arthroplasty; TUG​: Timed Up and Go test; AIC: Akaike’s Informa-
tion Criterion; JOA: Japanese Orthopaedic Association; BMI: Body mass index; 
CI: Confidence interval.

Acknowledgements
We thank Professor Yutaka Iguchi (Laboratory of Biology, Okaya, Nagano, 
Japan) for his guidance on statistical analysis.

Authors’ contributions
NT contributed to the study conception. JS and NT contributed to the study 
design. AK and SK performed total hip arthroplasty. JS and GI contributed 
to the acquisition of data. Data analysis was mainly performed by JS, NT, GI, 
and HW. JS, NT, GI, and HW contributed to the interpretation of data and 
considered their adequacy. JS and NT were major contributors to writing 
the manuscript, and all authors contributed to drafting the manuscript for 
important intellectual content. All authors read and approved the final version 
of the manuscript. JS: Junya Sekita, NT: Naonobu Takahira, GI: Genki Iwamura, 
HW: Hiroyuki Watanabe, AK: Atsushi Kusaba, SK: Saiji Kondo

Funding
Research funds from our institution were used to support this study.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study complied with the ethical standards of the Declaration of Helsinki 
(1964) and its subsequent amendments and was approved by the Ethics 
Review Committees of Ebina General Hospital and Zama General Hospital (No. 
207). Each patient provided written informed consent to participate in this 
study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Graduate School of Medical Sciences, Kitasato University, 1‑15‑1 Kitasato, 
Minami‑ku, Sagamihara‑shi, Kanagawa 252‑0373, Japan. 2 Department of Reha-
bilitation, Zama General Hospital, 1‑50‑1 Soubudai, Zama‑shi, Kanagawa 
252‑0011, Japan. 3 Department of Orthopaedic Surgery, Kitasato University 
Graduate School of Medical Sciences, 1‑15‑1 Kitasato, Minami‑ku, Sagami-
hara‑shi, Kanagawa 252‑0373, Japan. 4 Department of Rehabilitation, School 
of Allied Health Sciences, Kitasato University, 1‑15‑1 Kitasato, Minami‑ku, 
Sagamihara‑shi, Kanagawa 252‑0373, Japan. 5 Institute of Joint Replacement 
and Rheumatology, Zama General Hospital, 1‑50‑1 Soubudai, Zama‑shi, 
Kanagawa 252‑0011, Japan. 

Received: 19 April 2021   Accepted: 11 September 2021

References
	1.	 Siopack JS, Jergesen HE. Total hip arthroplasty. West J Med. 

1995;162:243–9.
	2.	 Rat AC, Guillemin F, Osnowycz G, et al. Total hip or knee replacement 

for osteoarthritis: mid- and long-term quality of life. Arthritis Care Res. 
2010;62:54–62.

	3.	 Jones CA, Voaklander DC, Johnston DW, Suarez-Almazor ME. Health 
related quality of life outcomes after total hip and knee arthroplasties in a 
community-based population. J Rheumatol. 2000;27:1745–52.

	4.	 Fujita K, Makimoto K, Tanaka R, Mawatari M, Hotokebuchi T. Prospective 
study of physical activity and quality of life in Japanese women undergo-
ing total hip arthroplasty. J Orthop Sci. 2013;18:45–53.

	5.	 Vissers MM, Bussmann JB, Verhaar JA, Arends LR, Furlan AD, Reijman M. 
Recovery of physical functioning after total hip arthroplasty: systematic 
review and meta-analysis of the literature. Phys Ther. 2011;91:615–29.

	6.	 Fukumoto Y, Ohata K, Tsukagoshi R, et al. Changes in hip and knee muscle 
strength in patients following total hip arthroplasty. J Jpn Phys Ther 
Assoc. 2013;16(1):22–7.

	7.	 Rasch A, Dalen N, Berg HE. Muscle strength, gait, and balance in 20 
patients with hip osteoarthritis followed for 2 years after THA. Acta 
Orthop. 2010;81:183–8.

	8.	 Judd DL, Dennis DA, Thomas AC, Wolfe P, Dayton MR, Stevens-Lapsley JE. 
Muscle strength and functional recovery during the first year after THA. 
Clin Orthop Relat Res. 2014;472(2):654–64.

	9.	 Nankaku M, Tsuboyama T, Aoyama T, Kuroda Y, Ikeguchi R, Matsuda S. 
Preoperative gluteus medius muscle atrophy as a predictor of walking 
ability after total hip arthroplasty. Phys Ther Res. 2016;19:8–12.

	10.	 Bean JF, Kiely DK, Herman S, et al. The relationship between leg power 
and physical performance in mobility-limited older people. J Am Geriatr 
Soc. 2002;50:461–7.

	11.	 Hernandez ME, Goldberg A, Alexander NB. Decreased Muscle Strength 
Relates to Self-Reported Stooping, Crouching, or Kneeling Difficulty in 
Older Adults. Phys Ther. 2010;90(1):67–74.

	12.	 Sturnieks DL, Tiedemann A, Chapman K, Munro B, Murray SM, Lord SR. 
Physiological risk factors for falls in older people with lower limb arthritis. 
J Rheumatol. 2004;31:2272–9.

	13.	 Ninomiya K, Takahira N, Ikeda T, Suzuki K, Sato R, Hirakawa K. Predictors 
of falls in patients during the first year after total hip arthroplasty: A 
prospective cohort study. Health Sci Rep. 2020;3(3):e184.

	14.	 Fortin PR, Clarke AE, Joseph L, et al. Outcomes of total hip and knee 
replacement: preoperative functional status predicts outcomes at six 
months after surgery. Arthritis Rheum. 1999;42(8):1722–8.

	15.	 Ikeda T, Jinno T, Aizawa J, et al. Effects of perioperative factors and 
hip geometry on hip abductor muscle strength during the first 6 
months after anterolateral total hip arthroplasty. J Phys Ther Sci. 
2017;29(2):295–300.

	16.	 Slaven EJ. Prediction of functional outcome at six months following total 
hip arthroplasty. Phys Ther. 2012;92:1386–94.

	17.	 Nankaku M, Tsuboyama T, Akiyama H, et al. Preoperative prediction of 
ambulatory status at 6 months after total hip arthroplasty. Phys Ther. 
2013;93(1):88–93.



Page 11 of 11Sekita et al. BMC Musculoskelet Disord          (2021) 22:827 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	18.	 Buirs LD, Van Beers LW, Scholtes VA, Pastoors T, Sprague S, Poolman RW. 
Predictors of physical functioning after total hip arthroplasty: a systematic 
review. BMJ Open. 2016;6(9):e010725.

	19.	 Rottinger H. Minimally invasive anterolateral surgical approach for total 
hip arthroplasty: early clinical results. Hip Int. 2006;16(Suppl 4):42–7.

	20.	 Kusaba A, Asahi M, Hirano M, Sunami H, Kondo S. Ceramic on Ceramic 
Bearings for Dysplastic Hips: Analysis of Uncemented 2,861 THAs. J Long-
Term Eff Med Implants. 2020;30(4):275–82.

	21.	 Fukushi JI, Kawano I, Motomura G, Hamai S, Kawaguchi KI, Nakashima Y. 
Does hip center location affect the recovery of abductor moment after 
total hip arthroplasty? Orthop Traumatol Surg Res. 2018;104(8):1149–53.

	22.	 van Baar ME, Dekker J, Lemmens JA, Oostendorp RA, Bijlsma JW. Pain and 
disability in patients with osteoarthritis of hip or knee: the relationship 
with articular, kinesiological, and psychological characteristics. J Rheuma-
tol. 1998;25(1):125–33.

	23.	 Flecher X, Ollivier M, Argenson JN. Lower limb length and offset in total 
hip arthroplasty. Orthop Traumatol Surg Res. 2016;102(1 Suppl):S9–20.

	24.	 Awwad DH, Buckley JD, Thomson RL, O’Connor M, Carbone TA, Chehade 
MJ. Testing the Hip Abductor Muscle Strength of Older Persons Using a 
Handheld Dynamometer. Geriatr Orthop Surg Rehabil. 2017;8(3):166–72.

	25.	 Crouter SE, Schneider PL, Karabulut M, Bassett DR Jr. Validity of 10 elec-
tronic pedometers for measuring steps, distance, and energy cost. Med 
Sci Sports Exerc. 2003;35:1455–60.

	26.	 Mâsse LC, Fuemmeler BF, Anderson CB, et al. Accelerometer data reduc-
tion: a comparison of four reduction algorithms on select outcome 
variables. Med Sci Sports Exerc. 2005;37(11 Suppl):S544–54.

	27.	 Cohen J, Cohen P. Applied multiple regression / correlation analysis for 
the behavioral sciences. 2nd ed. Hillsdale, NJ: Lawrence Erlbaum; 1983.

	28.	 Janssen I, Heymsfield SB, Wang ZM, Ross R. Skeletal muscle mass and 
distribution in 468 men and women aged 18-88 yr. J Appl Physiol. 
2000;89(1):81–8.

	29.	 Young A, Stokes M, Crowe M. Size and strength of the quadriceps mus-
cles of old and young women. Eur J Clin Investig. 1984;14(4):282–7.

	30.	 Loureiro A, Mills PM, Barrett RS. Muscle weakness in hip osteoarthritis: a 
systematic review. Arthritis Care Res. 2013;65(3):340–52.

	31.	 Suetta C, Aagaard P, Magnusson SP, et al. Muscle size, neuromuscular acti-
vation, and rapid force characteristics in elderly men and women: effects 
of unilateral long-term disuse due to hip-osteoarthritis. J Appl Physiol. 
2007;102(3):942–8.

	32.	 Park H, Park S, Shephard RJ, Aoyagi Y. Yearlong physical activity and 
sarcopenia in older adults: the Nakanojo Study. Eur J Appl Physiol. 
2010;109(5):953–61.

	33.	 Cooper A, Lamb M, Sharp SJ, Simmons RK, Griffin SJ. Bidirectional associa-
tion between physical activity and muscular strength in older adults: 
Results from the UK Biobank study. Int J Epidemiol. 2017;46(1):141–8.

	34.	 Nemoto K, Genno H, Masuki S, Okazaki K, Nose H. Effects of high-intensity 
interval walking training on physical fitness and blood pressure in 
middle-aged and older people. Mayo Clin Proc. 2007;82(7):803–11.

	35.	 Larsson L, Degens H, Li M, et al. Sarcopenia: Aging-Related Loss of Muscle 
Mass and Function. Physiol Rev. 2019;99(1):427–511.

	36.	 Liu R, Wen X, Tong Z, Wang K, Wang C. Changes of gluteus medius mus-
cle in the adult patients with unilateral developmental dysplasia of the 
hip. BMC Musculoskelet Disord. 2012;13:101.

	37.	 Meneghini RM, Pagnano MW, Trousdale RT, Hozack WJ. Muscle dam-
age during MIS total hip arthroplasty: Smith-Petersen versus posterior 
approach. Clin Orthop Relat Res. 2006;453:293–8.

	38.	 Hinman RS, Hunt MA, Creaby MW, Wrigley TV, McManus FJ, Bennell KL. A 
comparison of muscle recovery around the hip and knee joint after total 
hip arthroplasty. J Japanese Phys Ther Assoc. 2009;36(2):41–8 [in Japanese 
with English abstract].

	39.	 Tsukagoshi R, Tateuchi T, Ohata K, Eguch S, Okumura H, Ichihashi N. Hip 
muscle weakness in individuals with medial knee osteoarthritis. Arthritis 
Care Res. 2010;62(8):1190–3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	A predictive model for hip abductor strength and knee extensor strength 12 months after total hip arthroplasty with an interaction term
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Subjects
	Role of funding source
	Procedures
	Measurements
	Statistical analysis

	Results
	Discussion
	Limitations

	Conclusion
	Acknowledgements
	References


